The effective temperature of Saturn from 30øS to 10øN is 96.5 + 2.5 K. This value is 1.9 K higher than our preliminary estimate (Ingersoll et al., 1980) . The atmospheric mole fraction of H2 relative to H2 + He is 90 + 3%. This value is derived by comparing infrared and radio occultation data (Kliore et al., this issue) for the same latitude. The high value of the effective temperature suggests that Saturn has an additional energy source besides cooling and contraction. The high mole fraction of H2 suggests that separation of heavier He toward the core may be supplying the additional energy. Atmospheric temperatures in the 60-to 600-mbar range are 2.5 K lower within 7 ø of the equator than at higher latitudes. An almost isothermal layer exists between 60 and 160 mbar at all latitudes.
INTRODUCTION
In our preliminary report [Ingersoll et aL, 1980] of the Pioneer Saturn infrared radiometer (IRR) results we discussed the data set and viewing geometry and presented a preliminary analysis based on early postencounter trajectory information. We now present a more complete analysis. This paper Calibration procedures were described following the Jupiter encounters and in the preliminary Saturn report [Ingersoll et al., 1980] . The primary calibration was done in the laboratory before launch. Part of the prelaunch calibration involved measuring the response to an internal shutter at the known instrument temperature. After launch the instrument temperature and the response to the shutter were monitored. This response is measured with respect to liquid nitrogen in the laboratory and with respect to space during flight. The emission from liquid nitrogen requires a 3% correction at 45/an and a 0.2% correction at 20/•m. In accord with laboratory measurements the instrument response in space is represented by a linear relation. Values of intercept and slope are derived from observations of space and the shutter, respectively. These derivations were repeated at least once per year from 1973 to 1980 and during the encounters with Jupiter and Saturn as planetary data were being taken. The difference between the derived response to a 100-K object and the laboratory value was no more than 3% for all these determinations. The instrument seems to have been stable to +3% for 8 years. Our total estimates of uncertainty in the absolute calibration fall in the range +_4 to _+8%. As with the Jupiter data, the latter value will be used throughout this report.
TEMPERATURE-SOUNDING METHOD
The determination of the atmospheric structure of Saturn with IRR measurements follows essentially the same tech, niques as the analysis of Pioneer 10 and 11 IRR data on Jupiter [Orton, 1975; Orton and Ingersoll, 1976] . We assume that the collision-induced dipole of H2, under the influence of both H2 and He collisions, provides most of the atmospheric opacity. While the opacity of NH3 was also included in the calculations, as in the Jovian case, the inclusion of its opacity has a negligible effect on the atmospheric transmission in the spectral regions covered by the two channels. This is due to the low amount of NH3, whose abundance is presumed to follow saturation equilibrium, in this relatively cold region of the atmosphere. The weighting functions are sensitive to somewhat lower pressures than are those for the Jovian atmosphere ow-. ing primarily to the greater value of the atmospheric scale height for Saturn. This larger scale height is the result of the lower gravitational acceleration of Saturn compared with that of Jupiter.
The vertical range and resolution for temperature sounding were evaluated from the weighting functions shown in Figure  3 , using Conrath's [1972] adaptation of Backus-Gilbert theory. These estimates have been found [Orton, 1977] This comparison between radio occultation and IRR results is valid only under the assumption that the longitudes sounded by the radio occultation experiment are representative of the average temperature structure in this latitude region over all longitudes. Further implicit assumptions are required for either the radio occultation or the infrared remote retrieval of temperatures (using the IRR data set) to be valid in general: (1) the atmosphere is in thermodynamic equilibrium, (2) all constituents besides H2 and He are negligible at the level of error in the fit, (3) the atmosphere is spheroidally symmetric, with isobar surfaces completely coincident with geopotential surfaces, and an appropriate value for the planetary oblatehess has been used, (4) the atmosphere is in hydrostatic equilibrium, (5) the infrared opacity is modeled correctly, (6) the thermal structure is longitudinally homogeneous, and (7) The difference between the overlying lapse rates assumed for cases 1 and 2 appears to affect only the temperatures recovered at the highest nodal point (63 mbar) to any substantial degree. In addition to the generally colder temperatures, compared with the Jovian temperature structure (e.g., 500-mbar temperatures near 105 K instead of approximately 143 K for Jupiter), the next major difference between these temperature profiles and those derived for Jupiter is the rather shallow lapse rate in the vicinity of the temperature minimum. In fact, for case 1 the equatorial cool region is nearly isothermal for more than an atmospheric scale height (Figure 8 ).
In case 3 we pursued the possibility that the differences in the retrieved temperatures at 501 mbar between cases 1 and 2 result from changes in the properties of aerosols near that level in the atmosphere. This corresponds to the alternative model for temperatures near the 700-mbar level in Jovian zones. For this 'cloudy zone' model we assumed that the 501-mbar level of the atmosphere is in convective equilibrium and that latitudinal variations of temperature along isobars are well below our observational noise. For the equatorial zones, then, we introduced a uniform, fiat, and optically opaque cloud top with unit emissivity. Its altitude was adjusted until the retrieved temperature at 501 mbar was near 108 K, an appropriate mean of temperatures retrieved at this depth in higher-latitude regions where aerosol effects were presumed to be negligible. . Assumption of a steeper overlying inverted lapse rate, as is consistent with the model of Tokunaga and Cess, substantially changes only the 63-mbar nodal point in our retrieved temperatures and does not increase the residuals of the model fit to the data in any systematic way. It is therefore quite possible to achieve a consistency between our derived thermal structure models and either of the equilibrium models. Appleby and Hogan have shown, in fact, that it is possible to change the stratospheric temperature structure substantially with appropriate changes in the vertical distribution of absorbing aerosols. Furthermore, as was mentioned earlier, the equilibrium models are consistent with the assumption in case 3 models that the atmosphere is in convective equilibrium near the 501-mbar level.
Models fitting the microwave spectrum of Saturn have been presented by Klein et al. [1978] . Unlike the case for Jupiter, no high-resolution data are available in the spectral region around several strong inversion lines of NH3. Their results are accordingly constrained only to a family of models in which the mixing ratio of ammonia in the deep atmosphere is parameterized against a given temperature structure (essentially, a given adiabat). These models thus provide no independent verification of the temperatures retrieved here. However, the models we present here can be used with the microwave data to constrain the abundance of NH3 and H20 in the deep atmosphere, as is discussed by Klein et al. [1978] .
SPECTRA
The models presented in the preceding section have been used to generate low-resolution spectra in the 25-to 800-cm -• region. These are summarized in Figure 1980]. Precipitation of additional helium does not result in a substantially higher heat at present. Thus we might expect depletion of helium in the atmosphere of Saturn, though perhaps not on Jupiter, to explain the excess internal heat flux. Such a difference between the two planets is consistent with interior models [Stevenson and Salpeter, 1977] .
Direct estimates of the atmospheric hydrogen to helium ratio are clearly important. The atmosphere is likely to reflect the bulk composition of the entire molecular envelope, because convection provides rapid mixing. The hydrogen to heliura ratio for the planet as a whole is likely to be no greater than the solar composition value, for which a. 2 = 0.88 according to one estimate [Cameron, 1974] 
